Holographic recording in thick photopolymer layers is important for application in holographic data storage, volume holographic filters and correlators. Here, the characteristics of acrylamidebased photopolymer layers having thickness from 250 µm to 1-mm were studied. For each layer thickness samples with three different values of absorbance were studied. By measuring both the first order diffraction efficiency growth of holographically recorded gratings and studying the diffraction patterns obtained, the influence of scattering on the diffraction efficiency of thick volume holographic gratings was analyzed. It was observed that above a particular thickness and absorbance, the first order diffraction efficiency significantly decreased because of increased holographic scattering. From the first order diffraction efficiency dependence on the samples absorbance and thickness it is possible to choose photopolymer layer properties that are suitable for a particular holographic application. This study was carried out in order to determine the highest layer thickness that could be used in phase code multiplexed holographic data storage system utilizing thick photopolymer layers as a recording medium.
Introduction
Photopolymers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] are considered one of the most versatile holographic recording media due to their high sensitivity, wide dynamic range, and relatively low cost. Many photopolymers have the advantage that they are be self-developing needing no wet processing or thermal treatment.
However their applications are restricted by the need for thick layers and the material shrinkage that occurs during and after recording [2, 5, [11] [12] [13] . In data storage applications this can change the fringe spacing and therefore the reconstruction angle, resulting in no light being diffracted at the expected reconstruction angle and the stored data page cannot be recovered. Very thick photopolymer layers (500 m or more) are essential for high capacity holographic data storage media [14] [15] [16] [17] [18] . Therefore we focus our efforts on developing thick acrylamide-based photopolymer layers characterised by suitable holographic properties [18] . Other research groups studied acrylamide based photopolymer layers (PVA/AA) with different compositions and recorded holograms with a physical thickness of around 1mm [19, 20] . Recording in thick photopolymer layers has two drawbacks; firstly, increased layer thickness leads to increase of the difference between the effective optical thickness and the physical thickness in the material due to the absorption of light [21] , and secondly, increased losses due to scattering and absorption.
In this paper we characterize thick layers of acrylamide-based photopolymer developed at the Centre for Industrial and Engineering Optics [5, 6] , by measuring holographic parameters such as diffraction efficiency, (DE), angular selectivity and by studying the diffraction patterns obtained. The influence of layer absorbance on the greatest thickness, for which the optical losses in the first diffraction order are acceptable, is discussed.
Theory
The acrylamide based photopolymer is a self-developing dry layer consisting of monomers, an electron donor or initiator, a photosensitizer and a polymer binder acting as a matrix in which the other components are suspended. Holographic recording in this material is based on photopolymerization reactions in the areas illuminated by laser light of appropriate wavelength. The dye molecules absorb photons and enter into excited states in which they react with the electron donor (initiator) molecules to generate free radicals which then initiate the polymerization process. When a spatially modulated light field is used, polymerization uses up monomer producing a monomer concentration gradient and monomer molecules diffuse from the unexposed regions to the exposed regions where they are polymerized as described. These processes of polymerization and diffusion lead to a spatially modulated change of refractive index of the material and a grating is recorded. Recording may continue until no more monomer is left in the unexposed region or it may be intermittent so that several recordings may be made with different spatial frequencies of illuminating light patterns. There are different theoretical models explaining the formation of holographic gratings in photopolymer material [22, 23] . Diffusion studies of acrylamide based photopolymer [24, 25] show that mass transport from dark to bright regions is faster than in other photopolymer systems [26, 27] . Depending upon the thickness of photopolymers layers, noise gratings may be observed due to scattering from inhomogeneities [2, [28] [29] [30] in the recording material during exposure. The scattered field can be treated as the superposition of a large number of plane waves each of which interferes with the recording beams, producing weak planar parasitic gratings. When illuminated with a reconstruction beam, the weak gratings diffract some of the incident light. Under exactly the same readout conditions as for recording, all parasitic gratings simultaneously satisfy the Bragg condition and give rise to scatter. Any deviation from the recording conditions, either in wavelength, angular rotation [31] [32] [33] or polarization state, [34] increases the number of parasitic gratings for which the Bragg condition is violated, decreasing the scattered intensity as a result. As the thickness of the layer increases the amount of optical inhomogeneities also increases and it may be expected that there is some critical thickness beyond which the diffracted beam completely disappears because of the scattering effect. Different compositions of photopolymer layers are expected to have different critical thickness.
Experiment

Preparation of thick layers
The components of the thick photopolymer layers are acrylamide monomer (0.6g) and N,N'methylene-bisacrylamide cross linking monomer (0.2g) , triethanolamine initiator (2ml), 10 ml polyvinyl alcohol binder (20% w/v water stock solution) and Erythrosin B sensitising dye (0.11% wt. stock solution) [5, 6] . The amount of dye added to the layer was adjusted to maintain constant absorbance independent of the thickness. The 20% concentration of PVA was used to enable faster drying of the photopolymer layer. On the other hand, greater PVA concentration increases the viscosity and the time required to make the stock solution. To obtain thick layers the photopolymer solution was deposited in a Petri dish. Once dry the layer was removed and placed on a glass slide for use in recording holographic gratings. To measure thickness using a white light surface profilometer (Micro XAM S/N 8038), the layer was cut back to the glass surface and part of it peeled off.
Experimental setup
A two-beam holographic optical set-up ( Fig.1 ) was used to record transmission gratings having an interbeam angle of 15° to record unslanted transmission diffraction gratings using a Nd-YVO 4 laser (532 nm). The gratings were recorded in photopolymer samples of different thicknesses ranging from 250 to 1000 m at recording intensity, 5mW/cm 2 and spatial frequency of 1000 lines/mm. The recording intensity was controlled by a variable neutral density filter. The diffracted and transmitted intensities were monitored in real time by probing the grating with a He-Ne laser (633nm). The photopolymer material is insensitive to this wavelength. Both the probe and recording beams were vertically polarized. The real time diffraction efficiency measurements were made at the Bragg angle. To measure the diffracted intensity dependence on the incident angle of the probe beam, the grating was placed on a precision rotational stage (Newport, ESP 300, resolution 1000x). The intensity was read by an optical power meter (Newport 1830-C) and the data transferred to a computer. The accuracy of measurement of the Bragg angle was  0.001 degrees. The maximum intensity of the first order diffracted beam was measured and the value obtained was used to correct the diffraction efficiency growth curve for any off-Bragg error arising from shrinkage.
Results and discussion
UV-VIS spectra for same optical absorption (A) but different layer thickness
The absorption spectra were measured using a UV-VIS-NIR absorption spectrometer (Perkin-Elmer Lambda 900). The results from this experiment can be summarized with the help of Fig.4 in which the dependence of the first maximum of the first order diffraction efficiency on the absorbance of layers with different thickness is presented. It is observed from Fig.4 that in layers of 250 m thickness A 532 > 0.17 is required in order to achieve higher than 80% diffraction efficiency.
Diffraction Efficiency, (DE) Measurements
Optical losses are relatively low at this thickness. [20, [28] [29] [30] . This limits the performance of any thick photopolymer layer. Another possible reason for the attenuation of the side lobes in the Bragg selectivity curves is the nonuniformity of the refractive index profile through the depth of the layer [21] . At the beginning of the recording, the light is attenuated in the material because of the absorption by the sensitizing dye leading to attenuation of the refractive index modulation with depth. As a result the side lobes of the angular selectivity curve disappear [21] . It is seen that for smaller thickness the maximum value of DE was reached at the highest value of absorbance. At low absorbance the polymerization is probably not effective enough due to low absorption. As the thickness increases the DE starts to decrease with increasing absorbance. The probable reason is that at higher absorbances the noise grating due to scatting effect becomes stronger and its influence is more pronounced. At layer thickness 1000 m the DE significantly drops for all three absorbances due to increasing scattering. In order to analyze further the results presented in Fig. 6 we have plotted the values of the first peak of the first order diffraction efficiency versus the thickness of the layers for the three different values of layers absorbance (see Fig.7 ). It is seen that with decreasing layers absorbance the thickness values above which DE drops significantly increases. The critical thickness of the photopolymer layers for each different application would depend on the optical loss that could be tolerated. If we define the critical thickness as the layer thickness above which the optical losses exceed 50% from the results presented in Fig.7 we can determine that the critical thickness for A 532nm = 0.10 is 550 m, for A 532nm =0.17 it is 500 m and 450 m for A 532nm = 0.42.
Scatter measurement
Scatter was characterized by using an integrating sphere (Perkin-Elmer Lambda 900) for a wide range of wavelengths (400-700 nm). Fig.8 shows the scatter percentage at 532nm as a function of different layers thicknesses at three values of layer absorbance. It is seen that the scattering losses increase both with increasing layer thickness and the dye concentration. Additionally, the scattering of the photopolymer layers was studied using the diffraction patterns. The transmitted beam diffuses to form a ring pattern indicating the presence of a noise grating [28] [29] [30] 37] . Fig.9 . shows the increasing intensity of the ring structure with thickness and absorbance. Forshaw at al. [36, 37] explained the rings in terms of the Ewald sphere construction. The intersection of the Ewald sphere with the hemisphere of the primary and its conjugate image, (i.e. the region in reciprocal space spanned by the recorded grating vectors), creates two cones [36] [37] [38] . The projections of these cones then produce two bright rings on a screen.  p =  r for the conjugate sphere. The position of the maximum of scattering depends on the ratio  p / r and the sample thickness, d. With increasing thickness the value of  approaches 0 0 , and therefore scattered intensity increases ( Fig.9 ). Another important feature is that the sign of the minimum position of transmission,  (for a sufficiently thick sample) depends on whether  p >  r or  p <  r [38] .
As shown above the strength of the noise grating in thick photopolymer layers is decreased by lowering the absorbance of the layer. However, our studies on thick samples (1000 m) showed that absorbance at 532nm has optimum values around 0.1. Further decrease of absorbance leads to difficulties in recording because of less photosensitive dye present inside the photopolymer.
Scattering from inhomogeneities in layers is the main cause of the parasitic gratings so another possible way to increase DE for thick layers is to reduce the number of these inhomogeneities by optimizing the photopolymer composition (different PVA for example). These studies are in progress in our group and the results will be published in future.
Conclusion
Thick acrylamide-based photopolymer layers (up to 1mm thick) were prepared and characterized by recording unslanted transmission holographic gratings. The characteristics of acrylamidebased photopolymer layers with thickness from 250 µm to 1-mm with the same absorbance were investigated. Real time diffraction efficiency growth curves and angular selectivity profiles were obtained. The dependence of the first order DE on the layer thickness and absorbance was determined. Optimum absorbance at given layer thickness was discussed. By measuring the diffraction efficiency growth of the first diffraction order and studying the diffraction pattern, the influence of scattering on the diffraction efficiency of a thick volume holographic grating was analyzed. The critical thicknesses for acrylamide-based photopolymer layers were determined for different absorbances of the layers. It was found that as the absorbance increases, the critical thickness of the layer decreases. Scattering effects are the main reason for these thickness limitations that should be taken into account when different applications are envisaged.
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